Introduction {#s1}
============

Mitogens promote entry into the cell cycle in part by inducing the expression of cyclin Ds to activate CDK4 and its paralog CDK6 (CDK4/6) ([@bib24]). A main role of CDK4/6 activation is to phosphorylate retinoblastoma protein (Rb), which is inactivated by hyperphosphorylation on approximately 15 sites ([@bib14]; [@bib38]). Unphosphorylated or monophosphorylated Rb proteins inhibit chromatin-bound E2F (mostly E2F1-3), repressing the E2F-mediated expression of a large set of cell-cycle regulators including cyclin Es and cyclin As ([@bib14]; [@bib28]; [@bib29]). When hyperphosphorylated, Rb dissociates from chromatin-bound E2F, promoting entry into the cell cycle by a progressive increase in the activity of CDK2 ([@bib13]; [@bib36]), and inactivation of the anaphase-promoting complex/cyclosome-Cdh1 (APC/C^Cdh1^) shortly before cells enter S phase ([@bib8]; [@bib17]; [@bib30]).

While it is well established that E2F-mediated expression of cyclin E and A promotes activation of CDK2 to drive entry into S-phase, there are conflicting findings about the role of CDK4/6, including: (i) how CDK4/6 and CDK2 cooperate to regulate hyperphosphorylation of Rb and thus E2F gene expression, and (ii) how CDK4/6 is activated. Early studies proposed that CDK4/6 activity may only partially phosphorylates Rb while a CDK2-activity driven positive feedback loop subsequently hyperphosphorylates Rb ([@bib16]; [@bib41]). Two other studies concluded that CDK4/6 activity only monophosphorylates Rb and E2F targets remain suppressed unless Rb is hyperphosphorylated by CDK2 ([@bib28]; [@bib33]). Our group reported that CDK4/6 activity can be sufficient to hyperphosphorylate Rb in G1, since mitogens still trigger hyperphosphorylation of Rb in mouse embryonic fibroblasts (MEFs) where all four cyclin E and A genes were deleted. Furthermore, there are conflicting results whether sufficient active cyclin D-CDK4 dimers are present in cells to phosphorylate Rb, and whether the relevant cyclin D-CDK4/6 activity requires binding of the CIP/KIP CDK inhibitors p21 or p27. Such trimeric CDK4/6 complexes can be active ([@bib35]), and tyrosine phosphorylation of p27 can generate active trimeric CDK4/6 complexes ([@bib6]; [@bib18]), but studies using double p21/p27 ([@bib10]) and triple p21/27/p57 ([@bib37]) knockout cells came to different conclusions whether binding of CIP/KIP type CDK inhibitors is required for cells to contain active cyclin D-CDK4/6. Addition of the cyclin D-CDK4/6 selective inhibitor palbociclib in late G1 also caused dephosphorylation of hyperphosphorylated Rb in less than 15 min ([@bib11]), while an active cyclin D-CDK4 complex with bound tyrosine phosphorylated p27 was unresponsive to palbociclib inhibition ([@bib18]), raising additional questions how CDK4/6 activity is regulated in cells.

Such open questions regarding CDK4/6 activity motivated us to develop a CDK4/6 activity reporter. We particularly considered that a combined CDK4/6 and CDK2 activity reporter system could be used along with genetic, mitogen, stress, and pharmaceutical perturbation experiments to provide an alternative approach to reconcile conflicting results and answer open questions. We previously developed a nuclear translocation-based reporter that can monitor the activation of cyclin E-CDK2 in G1 phase ([@bib20]; [@bib36]) and different properties of the reporter were characterized in subsequent studies. The reporter can be phosphorylated in vitro by cyclin E-CDK2 or cyclin A-CDK2 activity ([@bib36]), as well as by cyclin E/A-CDK1 activity ([@bib34]), but not by cyclin D-CDK4/6 activity ([@bib36]). Given that cyclin E prefers CDK2 over CDK1 ([@bib22]), and that cyclin A typically starts to increase at the G1/S transition, this cyclin E/A-CDK2/1 reporter is expected to primarily measure the activity of cyclin E-CDK2 during G1 phase. We therefore refer to the reporter here as a 'CDK2 reporter'.

An unexpected result of CDK2 reporter measurements was that there is great variability in the time course of CDK2 activation during G1 between individual cells in the same population ([@bib4]; [@bib34]; [@bib36]). Different cells activate CDK2 activity at different times, or not at all, and there is also great variation when cells enter S phase. Thus, the population heterogeneity in cultured cells makes it challenging to make conclusive interpretations from biochemical data about the single-cell time course of cyclin D-CDK4/6 and CDK2 activation and Rb hyperphosphorylation. The variability in the CDK2 activity time-courses was a second motivation to develop a reporter for CDK4/6 activity to determine when individual cells activate CDK4/6 relative to CDK2 activation and S phase entry.

Mitogen stimulation leads to a gradual increase in cyclin D expression over a period of many hours ([@bib3]) and one would therefore expect that the increase in cyclin D is paralleled by a gradual increase in CDK4/6 activity. Nevertheless, whether CDK4/6 is activated with a gradual or rapid kinetics and if and when CDK4/6 is activated when cells exit mitosis remained open questions. It is often believed that CDK4/6 activation is a main trigger activity for cell-cycle entry in cells exiting quiescence as well as in cycling cells ([@bib5]; [@bib26]), and that CDK4/6 activation is only later followed by cyclin E-CDK2 activation, APC/C^Cdh1^ inactivation, and S-phase entry. However, given the heterogeneity when individual cells enter S phase and the gradual increase in cyclin D expression, such an orderly progression with CDK4/6 being always activated first could not be definitely answered without a CDK4/6 reporter. Most importantly for our study here, recent studies showed that stress signals can reverse cell-cycle entry even after cyclin E-CDK2 has already been activated until APC/C^Cdh1^ is inactivated at the onset of S phase ([@bib8]; [@bib21]). However, it was not known whether stress signals act by first inactivating CDK4/6 and what the relationship is between a potential stress-mediated inactivation of CDK4/6 and CDK2 in G1 phase.

Here, we developed a reporter system to measure CDK4/6 and CDK2 activities in live single-cells to gain initial insights and help future studies to reconcile some of these conflicting results and answer open questions. In the MCF10A cell model that we used to evaluate the usefulness of the reporter, we show that CDK4/6 activity stays low for a long and variable time period after mitogen stimulation of quiescent cells, but then rapidly increases, consistent with an ultrasensitive CDK4/6 activation mechanism. Activation of CDK4/6 is then reliably followed by CDK2 activation and a delayed inactivation of APC/C^Cdh1^. In cycling cells exiting mitosis, CDK4/6 can already be active and Rb hyperphosphorylated in a subset of cells, and these cells start to immediately increase their CDK2 activity and continue on to enter the next cell-cycle after a short G1. In contrast, cells in the same population can have low CDK4/6 and CDK2 activity as well as low Rb phosphorylation after mitosis. Some of these cells keep CDK4/6 activity low and exit to quiescence, while the remaining cells again rapidly increase CDK4/6 activity after a variable delay to enter the next cell-cycle, explaining how cells can generate a variable G1 length. When we applied different types of stresses to cells with active CDK4/6 and CDK2 in G1, we found that stress signals can rapidly inhibit CDK4/6 while inhibiting CDK2 activity only after a delay, demonstrating that CDK4/6 activity is both a primary target for mitogen as well as stress signaling. Finally, our study supports a principle of progressive persistence during G1 phase whereby the probability for cells to respond to stress and inactivate CDK4/6 becomes progressively smaller as cells get closer to S phase.

Results {#s2}
=======

Design and validation of a fluorescent reporter system to monitor CDK4/6 and CDK2 activities {#s2-1}
--------------------------------------------------------------------------------------------

We used a kinase translocation reporter (KTR) strategy developed for MAPK family kinases ([@bib31]) to construct a reporter that is sensitive to changes in CDK4/6 activity ([Figure 1A](#fig1){ref-type="fig"}). In this reporter design, the relative nuclear localization of the reporter is controlled by competing nuclear import and export sequences regulated by kinase-specific phosphorylation. Specifically, the putative CDK4/6 reporter is comprised of a fluorescent protein (mCherry) conjugated to a peptide that contains nuclear import and nuclear export sequences with residues suitable for phosphorylation by CDKs. Relative selectivity for CDK4/6 activity was achieved by adding a cyclin D-CDK4/6-specific docking site fused at the C-terminus. The CDK4/6-specific docking site is a short C-terminal fragment of Rb (aa 886--928) that has previously been shown to be required for binding of CDK4 to Rb and also required for the phosphorylation of Rb by cyclin D-CDK4 but not by cyclin E-CDK2 ([@bib38]; [@bib39]; [Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). By co-expressing the reporter along with a fluorescent nuclear histone marker, one can derive a putative CDK4/6 activity by measuring the relative localization of the reporter between the cytoplasm and nucleus at the single-cell level using automated imaging as previously described for the CDK2 reporter ([@bib36]; [Figure 1A](#fig1){ref-type="fig"}). To validate the reporter and test possible uses, we established human epithelial MCF10A cells expressing a nuclear marker, the putative CDK4/6 reporter, a reporter for CDK2 activity ([@bib20]; [@bib36]), as well as a reporter to measure the inactivation of APC/C^Cdh1^ before the G1/S transition ([@bib8]; [@bib32]; [Figure 1A,B](#fig1){ref-type="fig"}).

![Characterization of the selectivity of the putative CDK4/6 reporter.\
(**A**) Schematics of CDK4/6 and CDK2 reporters. Increased CDK kinase activity increasingly phosphorylates a larger fraction of the respective reporter and promotes an increased relative cytoplasmic versus nuclear localization of the reporter. (**B**) Schematic of the APC/C^Cdh1^ reporter. Once APC/C^Cdh1^ is inactivated at the G1/S transition, the intensity of the reporter starts to gradually increase. (**C**) Example of a time series of images of the three reporters used for automated analysis of the respective signaling activities in the same cell. Scale bar is 10 µm. (**D**) An example of three cell-cycle activity time courses corresponding to the cell in the center of the images in (**C**). (**E, F**) Response of the two CDK reporters in G1 phase to (**E**) CDK2 inhibitors, CDK2i III (60 µM) and Roscovitine (60 µM), and (**F**) CDK4/6 inhibitors, Palbociclib (1 µM), Abemaciclib (1 µM), and Ribociclib (1 µM). Multiple single-cell time courses are shown (top; red line indicates median value). Median values and confidence intervals are also shown (bottom: shade indicates 95% confident interval) (n \> 90 cells). Only cells with activated CDK4/6 and CDK2 were selected. Inhibitors were added at 11 hr after mitogen release (dotted line).](elife-44571-fig1){#fig1}

We first monitored the putative CDK4/6 reporter in single cells to test for a change in nuclear localization after mitogen stimulation of serum-starved cells ([Figure 1C](#fig1){ref-type="fig"}). The reporter translocated from the nucleus to the cytoplasm before CDK2 activity starts to increase and APC/C^Cdh1^ is inactivated ([Figure 1D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). We next tested whether the reporter shows relative specificity for CDK4/6 over CDK2/1 activity. To test for specificity, we treated cells with different CDK inhibitors 11 hr after mitogen stimulation and selected cells where the signal from the putative CDK4/6 and CDK2 reporters have both increased before drug treatment. Additionally, we classified cells as being in G1 or S phase based on the absence or presence of a signal from the APC/C^Cdh1^ reporter construct. Application of a CDK1 selective inhibitor (RO-3306) did not alter the putative CDK4/6 reporter signal in G1 or S ([Figure 1---figure supplement 2](#fig1s2){ref-type="fig"}), suggesting that the reporter does not measure an increase in CDK1 activity for the conditions tested. The CDK1 inhibitor also did not have an effect on the CDK2 reporter in G1 phase, supporting the previous hypothesis that the measured CDK2 signal in G1 is primarily from cyclin E-CDK2, as cyclin A is expected to be degraded in G1 by APC/C^Cdh1^ ([Figure 1---figure supplement 2A](#fig1s2){ref-type="fig"}). We next tested for the relative selectivity of the two reporters using roscovitine, which has similar inhibitory selectivity for cyclin B-CDK1 and cyclin E/A-CDK2 kinase complexes ([@bib25]), and CDK2i III (CVT-313), a kinase inhibitor with a reported 8-fold selectivity for inhibiting cyclin E/A-CDK2 over cyclin B-CDK1 ([@bib7]). Both drugs show in vitro minimal inhibition of cyclin D-CDK4/6 activity. In addition, we used the clinically approved CDK4/6 inhibitors (Palbociclib, and Ribociclib) that have only a minimal effect on cyclin-CDK2/1 complexes, and another approved CDK4/6 inhibitor (Abemaciclib) that is less selective for cyclin D-CDK4/6 and can also inhibit several additional kinases ([@bib19]). As expected, addition of CDK2i III and roscovitine significantly suppressed cyclin E-CDK2 activity during G1 phase while also reducing the signal from the putative CDK4/6 reporter by about 10--20% during that time ([Figure 1E](#fig1){ref-type="fig"}). Conversely, each of the three CDK4/6 selective inhibitors nearly fully inhibited the putative CDK4/6 reporter in G1 phase ([Figure 1F](#fig1){ref-type="fig"}). We note that subsets of G1-phase cells slowly reversed the normal steady increase in cyclin E-CDK2 activity following CDK4/6 inhibition, consistent with CDK4/6 still contributing to the activation of cyclin E-CDK2 in G1. Together, these control experiments suggest that the putative CDK4/6 reporter is selective for measuring CDK4/6 over CDK2/1 activity in G1.

We next tested for the suitability of the reporter to measure CDK4/6 activity in S or G2 phase when CDK2 activity is higher compared to G1 phase. When CDK4/6 activity is acutely inhibited in S/G2, approximately 35% of the putative CDK4/6 reporter signal cannot be suppressed by the CDK4/6 inhibitors ([Figure 1---figure supplement 2B](#fig1s2){ref-type="fig"}). As an additional control, we measured the effect of a few additional protein kinase inhibitors ([Figure 1---figure supplement 2C](#fig1s2){ref-type="fig"}). Together, these results suggest that, particularly at higher levels of CDK2 activity during S and G2 phase, CDK2 activity is likely a main additional contributor to the measured reporter signal but most of the measured signal can still be inhibited by addition of CDK4/6-selective inhibitors.

Given that there is a contribution from CDK2 activity to the CDK4/6 reporter signal, we determined whether there might be a co-requirement for CDK2 plus CDK4/6 activity, meaning that CDK4/6 activity alone may not be sufficient on its own to generate a CDK4/6 reporter signal. Such a co-requirement for the two kinases has for example been proposed for Rb hyperphosphorylation ([@bib41]). Notably, a recent study by our group showed that CDK4/6 activity can still hyperphosphorylate Rb when all cyclin As and Es genes are missing in MEFs, suggesting that CDK4/6 activity alone can be sufficient for hyperphosphorylating the substrate Rb ([@bib11]). We tested for a potential co-requirement of cyclin E/A-CDK2 activity in regulating the putative CDK4/6 reporter activity by also utilizing a Cre-Lox cell line to conditionally knockout all four cyclin E and A genes ([Figure 1---figure supplement 3A](#fig1s3){ref-type="fig"}). After induction of Cre, the CDK2 reporter signal in MEFs without cyclin E/A was, as expected, indistinguishable from basal, confirming that the CDK2 reporter signal requires cyclin E or A ([Figure 1---figure supplement 3B](#fig1s3){ref-type="fig"}). Importantly, the putative CDK4/6 reporter signal was still observed in the cyclin E/A knockout MEFs, and acute CDK4/6 inhibition still suppressed the putative CDK4/6 reporter signal ([Figure 1---figure supplement 3C](#fig1s3){ref-type="fig"}). Together, these control and knockout measurements argue that CDK4/6 activity alone can generate a CDK4/6 reporter signal, without that E or A type cyclins or CDK2/1 activity are needed for the CDK4/6 reporter signal to increase.

Nevertheless, one is still left with an additive contribution from CDK2 activity that is responsible for part of the measured CDK4/6 reporter signal particularly in S and G2 phase. Since the dual reporter system measures both the CDK4/6 and the CDK2 reporter signal in the same cell, it is possible to derive a corrected CDK4/6 activity by adjusting for the additive contribution from CDK2 activity. This can be achieved by subtracting a 35% fraction of the CDK2 reporter signal from the simultaneously measured CDK4/6 reporter signal in the same cell to derive a corrected CDK4/6 activity throughout the cell cycle (see Methods). When this correction is applied, the corrected CDK4/6 activity signal can be mostly suppressed upon CDK4/6 inhibition not only in G1 but also in S and G2 ([Figure 1---figure supplement 4](#fig1s4){ref-type="fig"}, and Materials and method section). Thus, by correcting the contribution from CDK2 activity, the reporter can be used for CDK4/6 activity measurements during the cell cycle. We therefore refer to the reporter below as a 'CDK4/6 reporter'.

Delayed but rapid CDK4/6 activation is followed by CDK2 activation in cells exiting quiescence {#s2-2}
----------------------------------------------------------------------------------------------

When revisiting the data in [Figure 1D](#fig1){ref-type="fig"} and [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}, we can now conclude that mitogen stimulation triggers rapid activation of CDK4/6 but only after a 5--13 hr long delay. When comparing the kinetics of CDK4/6 activation between different cells in the same population after mitogen stimulation, 54% of cells in this experiment persistently increased CDK4/6 activity (CDK4/6^high^ cells) while the remaining cells did not show an increase in CDK4/6 activity (CDK4/6^low^ cells) ([Figure 2A](#fig2){ref-type="fig"}). The finding of a rapid increase in CDK4/6 activity after a long delay provides support for a previous hypothesis that CDK4/6 activation might be controlled by an ultrasensitive activation mechanism ([@bib40]). Furthermore, while the activity of CDK4/6 rapidly increases to a near maximal level before S-phase, CDK4/6 activity then stays persistently high throughout S and G2 phase as evidenced by cells showing persistent CDK4/6 reporter activity after the APC/C^Cdh1^ degron signal starts to increase ([Figure 2A](#fig2){ref-type="fig"} and [Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). This observation is at first surprising since cyclin D levels are known to be much lower in S-phase. Nevertheless, cyclin D1 is stabilized in G1 by p21 ([@bib9]) and p21 is degraded in S-phase by Crl4^Cdt2^ ([@bib1]). The low levels of p21 in S-phase may then allow for maintenance of CDK4/6 activity at a lower cyclin D level, providing a potential explanation how CDK4/6 activity can stay elevated in S phase.

![Rapid CDK4/6 activation after a long delay - followed by sequential CDK2 activation and APC/C^Cdh1^ inactivation in cells exiting quiescence.\
(**A**) Single-cell activity traces of CDK4/6, CDK2, and APC/C^Cdh1^. Cells were stimulated with mitogens after serum starvation and classified based on the detection of CDK4/6-on point (CDK4/6^high^ or CDK4/6^low^). (**B**) Cumulative plot of activation of CDK4/6 and CDK2, and inactivation of APC/C^Cdh1^ as a function of time after mitogen release (n \> 200 cells; CDK4/6-on, CDK2-on and APC/C-off points shown in [Figure 1D](#fig1){ref-type="fig"}). (**C**) Cumulative plots of the fraction of cells activating CDK4/6 and inactivating APC^Cdh1^ as a function of time relative to CDK2 activation (n \> 350 cells).](elife-44571-fig2){#fig2}

Previous bulk-cell analysis of cells exiting quiescence ([@bib3]; [@bib22]; [@bib26]; [@bib35]) suggested that CDK4/6 is activated during G1 before the activation of CDK2. To study the relative order and kinetics of CDK4/6 and CDK2 activation in single cells, we classified in [Figure 2A](#fig2){ref-type="fig"} mitogen-stimulated quiescent cells according to when they turn CDK4/6 activity on (as shown in [Figure 1D](#fig1){ref-type="fig"}, marked as CDK4/6^high^ or CDK4/6^low^ cells). The delayed rapid increase in CDK4/6 activity is almost immediately followed by an increase in CDK2 activity before APC/C^Cdh1^ is inactivated after a short additional delay ([Figure 2A--C](#fig2){ref-type="fig"}). When we aligned single-cell time courses by the mitogen-triggered increase in CDK2 activity, we found evidence for an orderly progression whereby a rapid and persistent CDK4/6 activation occurs in nearly every cell shortly before CDK2 activation and that CDK2 activation occurs in nearly every cell before APC/C^Cdh1^ inactivation ([Figure 2C](#fig2){ref-type="fig"}). In contrast, the CDK4/6^low^ cells in the same population kept CDK2 activity low and APC/C^Cdh1^ active for over 20 hr ([Figure 2A](#fig2){ref-type="fig"}).

One potential concern with the timing of CDK4/6 and CDK2 activation was that the immortalized MCF10A cells lack copies of the INK4 family CDK4/6 inhibitor genes p16 and p15 (CDKN2A/B) ([@bib12]) and may therefore have a different kinetics of CDK4/6 activation compared to cells that have expressed INK4 CDK inhibitors. To test for a potential altered kinetics in cells expressing p16, we introduced a DHFR regulated expression system into MCF10A cells to regulate the expression of exogenous p16 ([Figure 2---figure supplement 2A-B](#fig2s2){ref-type="fig"}). Even though the percentage of cells that activated CDK4/6 and CDK2 upon p16 induction was reduced, the cells that did increase CDK4/6 activity had a similar delay time between CDK4/6 to CDK2 activation ([Figure 2---figure supplement 2C-D](#fig2s2){ref-type="fig"}), and a similar rate of CDK4/6 activity increase ([Figure 2---figure supplement 2E-F](#fig2s2){ref-type="fig"}), suggesting that the observed rapid kinetics of CDK4/6 activation is not the result of cells lacking p16. Together, these experiments and controls suggest that cell-cycle entry can be a series of sequential events, with CDK4/6 activity rapidly increasing after a long and variable delay, which is immediately followed by a slower delayed increase in CDK2 activity, and which is in turn followed by rapid APC/C^Cdh1^ inactivation at the onset of S phase.

Newly born cells can have active CDK4/6 and a short G1 or initially inactive CDK4/6 and a variable longer G1 {#s2-3}
------------------------------------------------------------------------------------------------------------

We thus far focused on CDK4/6 activity changes in cells entering the cell cycle from quiescence. We next compared the kinetics of CDK4/6, CDK2, and APC/C^Cdh1^ activity changes when cells exit mitosis and have to decide whether to enter quiescence or another cell cycle. Previous studies showed that CDK2 reporter analysis can distinguish three paths in cells exiting mitosis: cells can immediately increase CDK2 activity (CDK2^inc^ cells) or cells keep CDK2 activity persistently low (CDK2^low^ cells) ([@bib36]). In a third path, cells first keep CDK2 activity low at mitosis exit and then increased CDK2 activity again after a variable delay (CDK2^delay^ cells) ([@bib2]; [@bib4]; [@bib27]; [@bib34]; [@bib36]; [@bib40]).

When we aligned asynchronously cycling cells by the end of mitosis (anaphase), a subset of cells had continuously active CDK4/6 (CDK4/6^high^ cells) starting at the end of mitosis and these cells corresponded to the CDK2^inc^ cells ([Figure 3A](#fig3){ref-type="fig"}, left). CDK4/6^high^ cells were defined as having CDK4/6 activity above a threshold (0.7) for two hours after mitosis (see [Figure 3A](#fig3){ref-type="fig"}, right, for threshold marked by dashed red line). Another subset of cells had low CDK4/6 activity at mitotic exit and some of these cells kept CDK4/6 activity persistently off after mitosis, corresponding to CDK2^low^ cells that exit to quiescence (CDK4/6^low^ cells were defined as having CDK4/6 activity below threshold at 2 and 10 hr). A third subset of cells had first CDK4/6 activity below the threshold and increased CDK4/6 above the threshold typically before 10 hr after mitosis (CDK4/6^delay^ cells) ([Figure 3A](#fig3){ref-type="fig"}, top left), corresponding to CDK2^delay^ cells. Consistent with cells entering the cell cycle from quiescence, cells that persistently activate CDK4/6 also activated CDK2 and inactivated APC/C^Cdh1^ when cells exit mitosis ([Figure 3A](#fig3){ref-type="fig"}, middle and bottom left).

![Bimodal CDK4/6 activity correlates with a bifurcation in Rb hyperphosphorylation and CDK2 activation in cells exiting mitosis or a variable period of low CDK4/6 activity after mitosis.\
(**A**) Left: Asynchronously cycling cells aligned by the end of the mitosis (anaphase), comparing CDK4/6, CDK2, and APC/C^Cdh1^ activity changes. Corrected CDK4/6 activity signals are shown. Cells were classified by their CDK4/6 activity 2 hr after anaphase as being CDK4/6^high^ or CDK4/6^low^, and a subset of CDK4/6^low^ cells were further classified as CDK4/6^delay^ if they had initially low CDK4/6 activity but later again increased CDK4/6 activity. Right: Activity histograms show that CDK4/6 but not CDK2 activity is rapidly activated with a bimodal activity distribution 2 hr after mitosis. Dotted line indicates the threshold used to classify the subpopulation of cells with CDK4/6, CDK2 or APC/C^Cdh1^ activity on or off (n \> 2,000 cells). (**B**) Examples of cells that either kept CDK4/6 activity on at mitotic exit (top), or exited to an approximately 2, 6 or 9 hr long transient G0 with low CDK4/6 activity (lower three panels). Corresponding CDK2 activities are shown to highlight that both CDK activities are low during a transient G0 and are sequentially activated (3 cells shown for each transient G0 time period). (**C**) A cumulative representation of the fraction of cells with active CDK4/6 (\>0.7), hyperphosphorylated Rb (see [Figure 2---figure supplement 1B](#fig2s1){ref-type="fig"}), activated CDK2 (\>0.76) and inactivated APC/C^Cdh1^ as a function of time after mitosis (n \> 2,000 cells). (**D,E**) Live-fixed analysis of cells in the same population with active or inactive CDK4/6 at different times after anaphase. The plot in (**E**) shows the fraction of cells that have Rb phosphorylated or not in cells were CDK4/6 activity is high or low as a function of time after anaphase (n \> 2,000 cells).](elife-44571-fig3){#fig3}

A histogram analysis of CDK activities at mitotic exit showed CDK4/6 reaching a maximum activity 2 hr after mitosis, whereas CDK2 activity gradually increased ([Figure 3A](#fig3){ref-type="fig"}, right). Furthermore, CDK4/6 activity stays maximal when cells start DNA replication, while CDK2 activity starts elevated and then keeps gradually increasing before and after S-phase entry ([Figure 1](#fig1){ref-type="fig"}, [Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Thus, CDK4/6 activity in MCF10A cells can generally be considered at a given time in the cell cycle to be either in an 'on' or 'off' state both in cycling cells as well as in cells coming out of quiescence while CDK2 activity is gradually increasing throughout G1, S, and G2 phases.

CDK4/6^delay^ cells that exit mitosis have CDK4/6 and CDK2 activity both off when they exit mitosis but then again, after a variable delay, turn both activities sequentially on to re-enter the cell cycle. The exit of cells after mitosis into a transient G0-like period and the sequential reactivation of CDK4/6 and CDK2 can be seen by selecting examples of cells with different time periods of low CDK4/6 activity after mitosis and plotting the corresponding changes in both CDK4/6 and CDK2 activity time-courses in the same cells ([Figure 3B](#fig3){ref-type="fig"}), showing again a close coupling between CDK4/6 and CDK2 activities. In conclusion, cells that exit mitosis with active CDK4/6 and immediately increase CDK2 activity have a short G1 and immediately start the next cell cycle, while cells with inactive CDK4/6 and CDK2 have a longer variable G1 or they exit to quiescence. Thus, by varying the delay period before reactivating CDK4/6, newly born cells can regulate the length of G1.

Previous studies have shown that cycling cells that exit mitosis have a bimodal distribution in Rb hyperphosphorylation ([@bib8]; [@bib27]; [@bib36]; [@bib40]). We therefore tested how CDK4/6, CDK2, and APC/C^Cdh1^ activities relate to the phosphorylation of Rb. As a marker of hyperphosphorylated Rb, we measured Rb phosphorylation at Serine 807/811, which shows a bimodal distribution and is correlated with activation of E2F transcription targets ([@bib8]; [@bib11]; [@bib40]). To test for a correlation between CDK4/6 activity and Rb phosphorylation, we used live-cell imaging followed by immunostaining and classified cells based on the time since mitosis. When we set a threshold for CDK4/6 and CDK2 activation, APC/C^Cdh1^ inactivation ([Figure 3B](#fig3){ref-type="fig"}, right) and Rb phosphorylation ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}), we found that the fraction of cells that has active CDK4/6 and increasing CDK2 activity after mitosis closely matches the fraction of cells with phosphorylated Rb ([Figure 3C](#fig3){ref-type="fig"}), suggesting that activation of CDK4/6 is closely correlated with Rb phosphorylation. We next classified cells into CDK4/6^high^ and CDK4/6^low^ populations (using the threshold from [Figure 3A](#fig3){ref-type="fig"}) and determined whether Rb is phosphorylated in these two populations at different times after mitosis. This analysis confirmed that the CDK4/6^high^ versus CDK4/6^low^ population remains closely correlated over time with whether Rb is phosphorylated for the measured 12 hr period after mitosis ([Figure 3D,E](#fig3){ref-type="fig"}).

The percent of cells in a population that re-enter or exit the cell cycle after mitosis, or have a delayed cell-cycle entry path with variable G1, were previously shown to vary between different cell types and mitogen and stress stimulation conditions in culture ([@bib8]; [@bib27]; [@bib34]; [@bib36]). To test whether the bimodal characteristic of CDK4/6 after mitosis is unique to MCF10A cells, we also measured CDK4/6 activity changes at mitotic exit in another commonly used immortalized retinal pigment epithelial cell model, RPE1 cells. An analysis of CDK4/6 and CDK2 activity changes after mitosis in RPE1 cells showed a similar bimodal behavior as in MCF10A cells with cells either having active CDK4/6 followed by CDK2 activation, or inactive CDK4/6 without that CDK2 is activated ([Figure 3---figure supplement 1A](#fig3s1){ref-type="fig"}). Treatment with the CDK4/6 inhibitor palbociclib also abolished both CDK4/6 and CDK2 reporter signals after mitosis ([Figure 3---figure supplement 1B](#fig3s1){ref-type="fig"}).

Taken together, our data suggest that cells with high CDK4/6 activity and increasing CDK2 activity at mitotic exit also have Rb hyperphosphorylated which in turn directs cells to rapidly re-enter the cell cycle after a short G1. Alternatively, cells with low CDK4/6 activity at mitotic exit keep CDK2 activity off and Rb dephosphorylated and exit to quiescence, or alternatively, cells can again rapidly increase CDK4/6 activity after a variable delay of low CDK4/6 activity and enter the next cell cycle, thereby generating G1 lengths of variable duration.

Stress can rapidly inactivate CDK4/6 but with reduced efficacy as cells increase CDK2 activity towards the end of G1 {#s2-4}
--------------------------------------------------------------------------------------------------------------------

Previous studies showed that cell-cycle entry can be reversed in G1 by different types of stresses even after CDK2 starts to increase - as long as cells have not yet inactivated APC/C^Cdh1^ ([@bib8]; [@bib21]). This raises the questions whether or when different stresses can suppress CDK4/6 or CDK2 activity to reverse cell-cycle entry. To activate two different stress pathways, we used H~2~O~2~ to increase reactive oxygen signaling and tunicamycin to trigger an ER stress response. To investigate how CDK4/6 and CDK2 activities respond to these stresses, we stimulated serum-starved cells with mitogens, applied H~2~O~2~ and tunicamycin at 11 hr after mitogen release, and selected cells where CDK4/6 and CDK2 activity have previously increased and cells were in G1 or S phase according to the APC/C^Cdh1^ reporter signal. We classified cells by whether they continued along in the cell cycle or reversed cell-cycle entry as evidenced by falling CDK2 activity (CDK2^inc^ versus CDK2^low^). For both types of stresses, a subset of cells in G1 inactivated CDK4/6 activity and reversed cell-cycle entry ([Figure 4A](#fig4){ref-type="fig"}).

![Increased resistance against stress-mediated CDK4/6 inactivation as cells increase CDK2 activity towards the end of G1 phase.\
(**A**) Activity changes of the two CDK reporters and APC/C^Cdh1^ in G1 phase in response to stress: H2O2 (200 µM) and Tunicamycin (5 µM). Cells were classified based on the resulting CDK2 activity changes after addition of stresses (CDK2^inc^ or CDK2^low^, measured at 15 hr). Cells included in the analysis were selected if they had active CDK4/6 and CDK2 activity and no APC/C degron signal at 11 hr after mitogen release when the stresses were applied (gray area). (**B**) % cells inactivating CDK2 activity in response to H2O2 and tunicamycin. Cells were classified based on CDK2 activity when stresses were added (n \> 20 cells from 3 independent experiments). (**C**) % of CDK2^inc^ cells in response to various types of stresses. Data are mean ± s.d. (3 independent experiments). (**D**) Phase plot analysis of CDK2 versus CDK4/6 activity after application of different stresses. Time is color-coded (n \> 35 cells from 3 independent experiments). (**E**) Schematic representation of the progressive loss in stress sensitivity of CDK4/6 activity as cells approach the onset of S phase.](elife-44571-fig4){#fig4}

Intriguingly, the outcome whether cells will inactivate CDK4/6 and exit the cell cycle was closely correlated with the level of CDK2 activity when stress signals were applied ([Figure 4B](#fig4){ref-type="fig"}). Cells having lower CDK2 activity were more likely to inactivate CDK4/6 and exit to quiescence after addition of stress signals while the probability became progressively lower as CDK2 activity increased. Since CDK2 activity gradually increases towards the start of S phase, the increasing CDK2 activity can be seen as a timer, which shows that CDK4/6 activity becomes less sensitive to stress as cells approach S phase. In contrast, there was no correlation between the amplitude of the acute CDK4/6 reporter signal and cell-cycle exit, likely since the CDK4/6 reporter signals were high but had typically plateaued out before stress application ([Figure 4---figure supplement 1A](#fig4s1){ref-type="fig"}). Consistent with a correlation between G1 and S progression and stress-mediated reversal, nearly all cells that already entered S phase and had high CDK2 activity (CDK2 \>1.0) did not respond to H~2~O~2~ or tunicamycin ([Figure 4C](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1B](#fig4s1){ref-type="fig"}). Thus, as cells progress in G1 towards S phase, the probability for an individual cell to inactivate CDK4/6 and CDK2 and exit the cell cycle in response to stress progressively decreases until the G1/S transition and then stays low during S phase.

When comparing the relative kinetics of CDK4/6 and CDK2 inactivation, both H~2~O~2~ and tunicamycin inactivated CDK4/6 before CDK2 activity started to decrease ([Figure 4D](#fig4){ref-type="fig"}). This difference in kinetics can best be seen in a phase plot analysis where time is color coded and CDK2 activity is plotted as a function of CDK4/6 activity. Notably, H~2~O~2~ inactivated CDK4/6 activity only in CDK2^low^ cells, whereas tunicamycin inactivated CDK4/6 both in CDK2^low^ and CDK2^inc^ cells ([Figure 4A,D](#fig4){ref-type="fig"} and [Figure 4---figure supplement 1C](#fig4s1){ref-type="fig"}).

Finally, we tested how general these CDK4/6 inactivation responses are by using as additional stresses a pulse of Neocarzinostatin (NCS) to generate double strand DNA breaks, high salt (NaCl) to trigger osmotic stress, and oligomycin A and antimycin A to reduce mitochondria function and ATP production, and we also activated the TGF-β1 signaling pathway, which antagonizes cell proliferation ([@bib15]). Similar as H~2~O~2~ and tunicamycin, all stress and TGF-β1 signaling were more likely to reverse cell-cycle entry in cells having lower CDK2 activity ([Figure 4C](#fig4){ref-type="fig"} and [Figure 4---figure supplement 2A, B](#fig4s2){ref-type="fig"}). While NaCl rapidly suppressed CDK4/6 and CDK2 activity at a similar rate, all other stresses and TGF-β1 signaling first inactivated CDK4/6 before CDK2 ([Figure 4---figure supplement 2C](#fig4s2){ref-type="fig"}). The typically more rapid stress-mediated inactivation of CDK4/6 is likely functionally relevant for the subsequent CDK2 inactivation as CDK4/6 activity is still needed to sustain the CDK2 activity increase throughout G1 phase ([Figure 1D](#fig1){ref-type="fig"}) until Rb hyperphosphorylation becomes independent of CDK4/6 activity at the onset of S phase ([@bib11]).

Together, our results are consistent with the interpretation that stress and inhibitory signals generally act by first inhibiting CDK4/6 activity which in turn suppresses CDK2 activity, arguing that CDK4/6 is in G0/G1 not only rapidly regulated by mitogens but also by stress. Importantly, there is a progressive persistence in CDK4/6 activity in response to stress as cells approach the G1/S transition.

Discussion {#s3}
==========

Our study reports the design of a CDK4/6 activity reporter based on a cyclin D-CDK4/6-specific kinase binding site derived from Rb ([@bib38]; [@bib39]), and a modular strategy to develop protein kinase reporters ([@bib31]). We used immortalized MCF10A breast epithelial cells to engineer a reporter system to monitor in the same cell activity changes of CDK4/6 and CDK2, as well as of the E3 ubiquitin ligase APC/C^Cdh1^ that is inactivated at the end of G1 phase. We show that the CDK4/6 reporter is best used as a dual reporter together with a CDK2 reporter to subtract a CDK2 contribution from the CDK4/6 reporter signal. The corrected CDK4/6 reporter signal stays elevated in mitogen-stimulated cells after cells enter S phase, and can be inhibited during S and G2 by CDK4/6-selective inhibitors, suggesting that cells activate CDK4/6 in G1 and can then keep CDK4/6 active throughout the cell cycle.

Using this reporter system, we first explored the kinetics of CDK4/6 activation. A previous study by our group calibrated nuclear cyclin D1 and p21 expression levels and showed that only cells with at least a small excess of nuclear cyclin D1 over p21 after mitosis have Rb hyperphosphorylated while cells with more p21 than cyclin D1 had Rb invariably dephosphorylated ([@bib40]). One interpretation of this result was that a competition between cyclin D1 and p21 makes it possible for a gradual increase in the relative level of cyclin D1 versus p21 to trigger a rapid activation of CDK4/6 once cyclin D1 exceeds the level of p21. We considered that such a rapid CDK4/6 activation may explain the observed bimodal hyperphosphorylation of Rb. In support of a hypothesis that CDK4/6 can be activated in an ultrasensitive, bimodal manner, we found that the CDK4/6 reporter signal typically increased rapidly after an often very long variable delay both in cells exiting quiescence and in cells exiting from a transient period of low CDK4/6 activity after mitosis.

Previous studies of MCF10A and other cell types further showed that cells in the same population have Rb typically either hyperphosphorylated or dephosphorylated after mitosis with the percent of cells having Rb hyperphosphorylated being regulated by mitogen and stress signaling and also differ between cell types ([@bib8]; [@bib27]; [@bib34]; [@bib36]; [@bib40]). In cells with hyperphosphorylated Rb at mitotic exit, the activity of CDK2 was shown to immediately increase and cells entered the next S phase a few hours later, while cells with low Rb phosphorylation kept their CDK2 activity low after mitosis and cells had either a variable G1 length or they exited to quiescence. Our study here shows that the bimodal hyperphosphorylation of Rb and bimodal CDK2 activation can be explained by an underlying bimodality in CDK4/6 activity at mitotic exit.

Together with previous results, our measurements with the CDK4/6 reporter support the hypothesis that cells choose between three paths when they exit mitosis: In one subset of cells, cells keep CDK4/6 active and Rb hyperphosphorylated as cells exit anaphase and mitosis and these cells are characterized by an immediate increase in CDK2 activity and a short G1 length. A second subset of cells have CDK4/6 activity low and Rb dephosphorylated at mitotic exit and CDK4/6 and CDK2 activity then stay persistently low until cells enter quiescence or a postmitotic state. A third subset of cells start the same way with CDK4/6 and CDK2 being inactive and Rb dephosphorylated after mitosis, but after a variable delay, these cells will again increase CDK4/6 activity, hyperphosphorylate Rb, and increase CDK2 activity to re-enter the next cell cycle. Several previous studies have shown that G1 is the most variable phase of the cell cycle and regulation of G1 length is important to regulate cell differentiation ([@bib23]). Our study thus suggests that cells can control G1 length and cell-cycle duration in part by switching CDK4/6 activity off for a variable time period after mitosis.

Our study further shows that CDK4/6 and CDK2 activity become progressively more resistant to stress as cells approach S phase. While previous studies showed that stress can trigger cell-cycle exit in G1 until the onset of S phase ([@bib8]), and that stress-mediated inactivation of CDK2 becomes less effective towards the onset of S phase ([@bib21]), if and how stress alters CDK4/6 signaling was not yet understood. We measured the response to a number of different types of stress signals and showed that most trigger first a rapid inactivation of CDK4/6 and that the loss in CDK4/6 activity is then followed by a reduction in CDK2 activity and exit to quiescence. This is also consistent with CDK2 activity and cell-cycle entry remaining sensitive to acute inhibition by the CDK4/6 inhibitor palbociclib until the end of G1 ([@bib11]). We further show that CDK4/6 activity becoming increasingly more resistant to stress towards the end of G1. Such a hysteresis in CDK4/6 activity in response to stress was unexpected since the switch-mechanism driving cell-cycle entry is typically believed to self-reinforce Rb hyperphosphorylation and CDK2 activity.

In conclusion, our study reports the development of a reporter system to monitor CDK4/6 and CDK2 activities live in single cells as a method to help answer remaining questions about how mitogens, contact inhibition, and stress inputs control CDK4/6 and CDK2 activation and the cell-cycle entry decision. In a first application of the reporter system, we here show (i) that CDK4/6 activity can change rapidly when cells exit quiescence or mitosis, (ii) that temporary inactivation of CDK4/6 after mitosis regulates G1 length, (iii) that CDK4/6 activity is closely correlated with subsequent Rb hyperphosphorylation and CDK2 activation, and (iv) that stress can rapidly inactivate CDK4/6 in G1 but progressively less so as cells approach S phase. Our study nevertheless left many questions open about the molecular mechanisms how CDK4/6 is activated and the role of CDK4/6 activity in regulating cell-cycle entry. Since we mostly used MCF10A cells, further studies will also be needed to evaluate how general our observations are and how CDK4/6 activity is regulated in different cell types and for different experimental conditions. There are for example well-known differences in the regulation of CDK4/6 and CDK2 activities between normal and cancer cells, and our study may serve as a roadmap how simultaneous CDK4/6 and CDK2 reporter analysis can be applied to understand therapeutically relevant signaling differences between normal and cancer cells.

Materials and methods {#s4}
=====================

Cell culture {#s4-1}
------------

MCF10A human mammary epithelial cells (ATCC, CRL-10317) were cultured in phenol red-free DMEM/F12 (Invitrogen) supplemented with 5% horse serum, 20 µg/ml EGF, 10 µg/ml insulin, 0.5 µg/ml hydrocortisone, 100 ng/ml cholera toxin, 50 U/ml penicillin, and 50 µg/ml streptomycin. For serum starvation, the growth medium without horse serum, EGF, and insulin was used. All cell lines tested negative for mycoplasma.

RPE1-hTERT retinal epithelial cells (ATCC CRL-4000) were cultured in phenol red-free DMEM/F12 supplemented with 10% FBS. For experiments performed at lower concentrations of FBS, cells were first plated and several hours later transferred into media containing the indicated FBS concentration.

Antibodies and reagents {#s4-2}
-----------------------

Palbociclib, Abemaciclib, Ribociclib, and Roscovatin were from Selleckchem. CDK2i III was from Millipore. NaCl, Neocarzinostatin, and hydrogen peroxide were from Sigma-Aldrich. Tunicamycin was from Cayman Chemical. Oligomycin A and Antimycin A were from Abcam, TGF-β1 and Rabbit anti-phospho-Rb (Ser807/811) (\#8516) were from Cell Signaling Technology.

Constructs and stable cell lines {#s4-3}
--------------------------------

The live-cell CDK4/6 reporter was cloned into a pLenti vector using the Gibson cloning method to assemble fragments of mCherry, a peptide containing a bipartite nuclear localization sequence (bNLS) and a nuclear export sequence (NES), and the C-terminus of Rb containing amino acids 886--928 (pLenti-mCherry-CDK4KTR). Using Gibson cloning, DHB-mVenus-p2a-mCherry-CDK4KTR and mCerulean-Geminin (aa1-110)-p2a-H2B-iRFP were cloned into pLenti vector. To generate stable cell lines, lentiviral constructs were introduced into MCF10A cells by viral transduction. As added notes, we had difficulties constructing responsive CDK4/6 reporters when replacing mCherry with different fluorescent proteins. This may suggest that mCherry conjugating contributes to an optimal performance of the CDK4/6-regulated import-export regulation. Also, due to higher stability of mCherry in low pH compared to other reporters, the CDK4/6 reporter can accumulate in lysosomes for some experimental conditions, which can add a background cytoplasmic signal in the ratio-analysis.

Immunofluorescence {#s4-4}
------------------

Cells were fixed by adding 4% paraformaldehyde at a ratio of 1:1 to culture medium (final 2% paraformaldehyde) for 15 min. Then, cells were washed three times in PBS, followed by incubation in permeabilization/blocking with 0.1% triton X-100, 10% FBS, 1% BSA, and 0.01% NaN~3~ for 1 hr, and stained overnight at 4°C with primary antibodies. Primary antibodies were visualized using a secondary antibody conjugated to Alexa Fluor-488, Alexa Fluor-568, and Alexa Fluor-647. For EdU staining, cells were treated with 10 µM EdU for 15 min and fixed and processed according to manufacturer's instructions (Invitrogen, \#C10356).

CDK4/6 activity correction based on the activity of the CDK2 reporter {#s4-5}
---------------------------------------------------------------------

To calculate the contribution of CDK2 activity to the CDK4/6 reporter in S/G2 phase, we used CDK4/6 inhibition and linear regression. This analysis showed that multiplication of a correction factor of approximately 0.35 to the measured CDK2 activity results in a near constant derived reporter signal during the cell cycle after CDK4/6 inhibition. We term the resulting signal a 'corrected CDK4/6 activity'.

Corrected CDK4/6 activity = CDK4/6 reporter activity - 0.35\*CDK2 reporter activity.

Microscopy {#s4-6}
----------

All Images were taken using 20X objective (0.75 N.A.) on a IXmicro microscope (Molecular Decies). Cells were imaged every 12 min in a 37°C chamber at 5% CO2.

Image analysis {#s4-7}
--------------

Segmentation and tracking performed as previously described [@bib8]; [@bib40].
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In the interests of transparency, eLife publishes the most substantive revision requests and the accompanying author responses.

**Acceptance summary:**

In this study, Yang and colleagues (Meyer lab) developed a novel fluorescent reporter that allows live tracking of CDK4/6 kinase activity in growing cell populations. Cyclin D-CDK4/6 kinases are key players in cell cycle-entry control, which is almost universally deregulated in human cancer. Hence, a reporter for their activity will be valuable, and the authors provide a convincing case that the novel reporter can be used to accurately follow Cyclin D-CDK4/6 activity in living cells. By incorporating the CDK4/6 activity sensor into a previously developed strategy, one can now visualize G1 progression in individual cells, based on the automatic tracking of live-cell reporters for three critical cell cycle regulators. Following this strategy, the authors show that CDK4/6 kinases are rapidly activated after a variable lag time, which depends on the individual cell, consistent with an ultrasensitive activation mechanism. This activation apparently precedes pRb-Ser807/811 phosphorylation, cyclin E-CDK2 activation, and APC/C-Cdh1 inactivation. As a major novel finding, various stress signals are found to downregulate CDK4/6 kinase activity and to trigger cell cycle arrest until the point when the activity of cyclin E-CDK2 kinases has reached a critical level, near the G1/S transition. Thus, the combined use of three different live-cell reporters has allowed the authors to track the cell cycle behavior in hundreds of individual cells, which confirmed previously established relationships between cell cycle regulators and revealed novel aspects of cell cycle entry control.

This revised manuscript includes an important additional experiment in which DHFR-p16 is introduced to re-express the p16 inhibitor in MCF10a cells. Although this reduces the fraction of cells that activate CDK4/6, the kinase still shows the same abrupt activation in the presence of p16. These results and the previously added cyclin E and A knockout experiments provide strong additional support for the conclusions of the study. Moreover, the manuscript has been substantially revised, with more careful interpretation of the results, and now includes a more general introduction. This time, the authors very clearly state what the limitations are of their reporters and better define the term \"CDK4/6 activity reporter\" and \"CDK2 reporter\". Together, this study is of high quality and broad importance, and I recommend publication in eLife.

**Decision letter after peer review:**

Thank you for submitting your article \"Stress-induced inactivation of CDK4/6 and exit from the cell cycle is progressively blocked as cells approach S-phase\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, including Sander van den Heuvel as the Reviewing Editor and Reviewer \#1, and the evaluation has been overseen by Anna Akhmanova as the Senior Editor. The following individual involved in review of your submission has agreed to reveal their identity: Hein te Riele (Reviewer \#3). One of the reviewers has opted to remain anonymous.

The reviewers have extensively discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

In this study by Yang et al., the Meyer lab expands on their strategy of examining cell cycle entry with single cell resolution based on automated tracking of fluorescent CDK-reporter localization. In previous studies, this group developed and applied reporters to monitor CDK2-cyclin E/A and APC/C-Cdh1 activities. Here, yet another fluorescent reporter is created, which provides a read out for the activity of CDK4/6 in association with cyclin D. Using a variety of CDK-inhibitors, the authors provide evidence that this new reporter, which includes a previously reported Rb-derived docking site for Cdk4, indeed reflects CDK4/6 kinase activity. Using simultaneous recording of the three reporters, the authors follow the behavior of individual cells during exit from mitosis into either the next cell cycle or into a period of temporal or prolonged quiescence. The acquired time series of CDK4/6-cyclin D, CDK2-cyclin E/A, and APC/C-Cdh1 activities allows correlating the history of individual cells with their later behavior and response to e.g. drugs or stress factors. This is a powerful strategy that is used to demonstrate the temporal order of CDK4/6 activation, CDK2 activation, and APC/C-Cdh1 inactivation. Moreover, the system is used to demonstrate that cells can arrest in response to stress signals, depending on the level of CDK2 activity in the G1 phase. Cells with high CDK2-cyclin E/A kinase activity fail to respond to various stresses, whereas cells with low CDK2 kinase return to quiescence and reduce CDK activities. Moreover, the authors show that in this stress response, CDK4/6 activity declines before CDK2.

This study includes several strong points, but also some weaker aspects:

-- The quality of the work is high and the apparent specificity of the reporter for CDK4/6 is quite surprising. However, the evidence supporting and explaining this specificity is currently not extensive.

-- While individual cell tracing is certainly valuable, in this case the conclusions about the temporal order largely confirm the conclusions from previous studies that were based on kinase assays, Western blots and IPs from bulk cell populations.

-- Insight in the kinetics of CDK4/6 activation is important and novel. A limitation here is the sole use of the MCF10a cell line, which lacks the most important CDK4/6 antagonist, p16.

-- The stress response data is new and interesting. Here, one would have liked to see DNA damage included in the analysis, in particular because it remains unclear to what extent the experimental procedure -- time-lapse fluorescence microscopy -- induces a \"stress\" response that contributes to the observed bifurcation in the control cell population.

Essential revisions:

1\) The development of a specific CDK4/6 sensor is of great importance, for this study as well as the field of cell cycle and cancer research. The specificity of the reporter should therefore be confirmed beyond any doubt. Currently the validation of the specificity relies entirely on the response to chemical CDK inhibitors. The high specificity of the CDK4/6 inhibitors and the time of addition (after kinase activation) puts some confidence in these experiments. However, the contribution of CDK2 in phosphorylating the CDK4/6 sensor remains a bit uncertain (see points below). Moreover, although a docking site for CDK4/6 has been added, it is unclear why this sensor would not be seen by CDK2-cyclin E/A kinases. Additional experiments are needed to validate and clarify the specificity. First and foremost, it is critical to compare and contrast the combined sensors in CDK4/6 double knockout cells. Further, the protein sequence of the reporter should be provided, and testing additional drugs, in particular against MAP kinases, mutating the Rb binding site, and performing in vitro kinase assays would help characterize and clarify the specificity of the reporter.

2\) The Materials and methods section is much too condensed and needs to be expanded by describing every experiment in detail. The specific parameters that are used in the image analyses and for the statistical analyses need to be stated. The exact nucleotide sequence of the CDK4/6 reporter needs to be described.

3\) Although the exact timing of reporter activity is highly variable, results clearly show in every single cell that mitogen stimulation first induces CDK4/6 activity, followed on average 2 h later by Cyclin E-CDK activity and after another 3-4h loss of APC/C-CDH1 activity which demarcates S-phase entry. The specificity of the reporters was confirmed by using several CDK inhibitors. Figure 1F shows that CDK2 inhibitors did reduce the activity of the CDK4/6 reporter, but the authors consider this \"a negligible effect\". What is the explanation? Non-specificity of the CDK2 inhibitors, partial response of the CDK4/6 reporter to CDK2 activity, feedback of CDK2 activity on CDK4/6 activity?

4\) The next paragraph starts with: \"The result of adding CDK4/6 inhibitors was different in S-phase where we found an incomplete suppression of the putative CDK4/6 reporter signal.\" Please make clear which figures need to be compared to arrive at this conclusion (probably the first and third panel of row 2 in Figure 1---figure supplement 2).

5\) Related to this: is the conclusion that the CDK4/6 reporter partially responds to Cyclin E-CDK activity not also supported by the first panel of the second row of Figure 1---figure supplement 2? And if so, wouldn\'t this also be the case in G1 cells as shown in Figure 2F first panel, second row, requiring some correction in G1 cells as well?

6\) The concept of \"bimodal distribution\" of CDK4/6 activity after mitotic exit is questionable. After all, 17% of the cells show a delayed increase in CDK4/6 activity which is not seen in the histograms of Figure 2A as this increase happens just between the chosen time points 2 and 9 h after mitotic exit.

The interesting observation is that in the presence of mitogenic stimuli, 69% of cells maintain high CDK4/6 activity whereas cyclin E/A-CDK activity invariably declines after mitotic exit. But which mechanism governs the maintenance or degradation of CDK4/6 activity right after mitosis? Is this controlled by a similar stress response as reported later in the manuscript, and could the frequent exposure to UV light, or other culture conditions, trigger this stress response in part of the control population? It would be very helpful if the authors can clarify this issue.

7\) Apparently, 14% of cells exiting mitosis do not reactivate CDK4/6 (Figure 2A). What is the fate of these cells? It would be interesting to know whether these cells will die or remain quiescent.

8\) Interestingly, the response of cells to several stressors depended on the level of Cyclin E/A-CDK activity: if low, cells responded by lowering CDK4/6 activity and after an initial increase also Cyclin E/A-CDK activity. In part, these different responses appear to reside in different phases of kinase activation: CDK4/6 is at max levels at the time of stress induction, while CDK2-associated kinase activity is rapidly increasing. This should be discussed. Moreover, it is not so clear how in Figure 3A a distinction is made between high and low cyclin E/A-CDK activity. Was that based on the 20 h time point? Similarly, for Figure 4---figure supplement 1: how are CDK4/6 high and low defined?

9\) The definitions are important to know in order to appreciate Figure 4---figure supplement 1A and 2A showing that rather than the level of CDK4/6 activity the activity of cyclin E/A-CDK determines whether cells can arrest in response to stress. However, isn\'t this strange as Figure 1 shows that increasing cyclin E/A-CDK activity is preceded by increasing CDK4/6 activity? After all, the authors conclude that the probability of cells to inactivate CDK4/6 and Cyclin E/A-CDK becomes progressively smaller as the cells progress through G1 phase and approach the G1/S transition. This stage is characterized by high activity of both CDK4/6 and Cyclin E/A-CDK; so why no relation with CDK4/6 activity?

10\) The panel indication in Figure 1---figure supplement 2 should preferably be adapted to match the legend.

11\) The use of references is unnecessarily incomplete, some references listed lack important information.

12\) The Discussion should be expanded and include a description of how the current observations relate to previously published data.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

Thank you for re-submitting your article \"Stress-mediated exit to quiescence restricted by progressively increasing persistence in CDK4/6 activation\" for consideration by *eLife*. Your article has been reviewed by one peer reviewer and the evaluation has been overseen by Anna Akhmanova as the Senior Editor.

The Reviewing Editor has drafted this decision to help you prepare a revised submission.

The experimental part of the work and observations are considered worth publication in *eLife*. However, the results should be interpreted with more caution, and clearly take into account that the cell line used lacks an important CDK4/6 inhibitor. Moreover, the writing should be broadened, some terminology used more carefully, and the Discussion should critically discuss what can be concluded and what cannot be learned from the current study. Further, more extensive and proper citations of others will be essential. Please see the review below for additional details.

Reviewer \#1:

In this revised manuscript, Yang et al. (Tobias Meyer lab) use live-cell reporters to examine the regulation of cell cycle entry. The authors developed a novel fluorescent reporter, to allow live tracking of CDK4/6 kinase activity. As Cyclin D-CDK4/6 kinases are key regulators of cell cycle entry, the possibility to directly follow their activity is attractive and important. By incorporating the new CDK4/6 sensor into the approach previously developed by the Meyer group, it now becomes possible to follow cell cycle progression based on the automatic tracking of individual cells that express three distinct reporters with sequential activities. As a major novel finding, the strategy resulted in the detection of a stress response in G1, which counteracts CDK4/6 activity and triggers cell cycle arrest when activated before cells reach a critical level of CDK2 activity near the G1/S transition.

Several of the points raised by the reviewers have been addressed in the revised manuscript and a reorganization of some of the figures makes the flow more logical and transparent. A main concern from the reviewers was the specificity of the novel reporter for CDK4/6 kinases. The authors state more clearly now that CDK2 can contribute to reporter phosphorylation. Combined with the temporal resolution of the experiments and CDK2 (or: cyclin E/A kinase) activity curves, the corrected reporter activity appears informative for CDK4/6 activity throughout the cell cycle. Further, in response to the reviewer\'s questions, additional kinase inhibitors have also been tested for their effect on reporter localization. Moreover, an examination of cyclin E and A quadruple knockout cells is now included, which excludes the possibility that phosphorylation of the reporter by both CDK4/6 and CDK2 kinases would be needed to induce nuclear export.

Technically, this is a strong study with several important novel findings and observations. Its weakness is a general oversimplification and lack of critical evaluation throughout the text.

The explicit request from the reviewers to expand the Discussion and improve the citation of other work has mostly been met with increased self-citations. The manuscript, discussion, and model (Figure 4E) give the impression that the measured activity profiles provide an all-encompassing explanation for how cell cycle entry is regulated. However, as indicated in the previous review, all experiments are performed in MCF-10A cells that lack p16, the most important CDK4/6 antagonist. In fact, MCF-10A cells contain a deletion of the CDKN2A/2B locus (p16, ARF, p15), as well as a MYC amplification (Cowal et al., 2005; Worsham et al., 2006; Kadota et al., 2010). This does not necessarily disqualify the current study -- the novel reporter and stress response remain important. However, when considering the CDK4/6 activation profiles and ultrasensitivity of the response, p16 and its absence in the cells studied should be a major factor to consider.

In general, critical evaluations and limitations of the experiments should be presented in a transparent way. Contradictions to the previous work, such as the study form Schwartz (Skotheim group), should be fairly cited and not just to draw a parallel with the current work.

Less dramatic, but still absolutely requiring adjustments: the Introduction still contains a fair number of questionable citations (e.g. \"Yang et al., 2017\" for a general and long established cell cycle regulation mechanism), while other citations are missing (e.g. \"the dynamics of CDK4/6......E-CDK2 activation has not been explored\"; in fact, the two kinase activities were compared as early as 1994; Meyerson et al. MCB). The inhibitors used should be considered more critically: RO-3306 is called a CDK1 inhibitor and Roscovitin a CDK2 inhibitor, but the differences in affinity are modest and at the concentrations used (60 microM) several other CDKs (including CDK2/A for RO-3306 and CDK1/A,B for Roscovitin) would be expected to be blocked. Also, the inhibitor data in Figure 1---figure supplement 2C would be worth discussing in more detail. Is sequential cyclin E-CDK2, cyclin A-CDK2, cyclin A-CDK1 kinase activity likely responsible for the prolonged increase in CDK2 reporter activation? How does the new insights fit with the recent data that challenge the traditional model for CDK4/6 function (Dyson lab 2019; Dowdi lab 2014).

There is a discrepancy in the correction factor for the CDK4/6 reporter. The text and cover letter mentions subtracting 35%, while the legend of Figure 1---figure supplement 4 states 25%, and the Materials and methods uses a factor 0.25x.

Together, the current description of the work is too one-sided, and the interpretation of the results is certainly incomplete and possibly incorrect without considering the absence of p16.
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Author response

> This study includes several strong points, but also some weaker aspects:
>
> -- The quality of the work is high and the apparent specificity of the reporter for CDK4/6 is quite surprising. However, the evidence supporting and explaining this specificity is currently not extensive.
>
> -- While individual cell tracing is certainly valuable, in this case the conclusions about the temporal order largely confirm the conclusions from previous studies that were based on kinase assays, Western blots and IPs from bulk cell populations.
>
> -- Insight in the kinetics of CDK4/6 activation is important and novel. A limitation here is the sole use of the MCF10a cell line, which lacks the most important CDK4/6 antagonist, p16.
>
> -- The stress response data is new and interesting. Here, one would have liked to see DNA damage included in the analysis, in particular because it remains unclear to what extent the experimental procedure -- time-lapse fluorescence microscopy -- induces a \"stress\" response that contributes to the observed bifurcation in the control cell population.

We thank the reviewers for the overall positive comments. We have completed the requested experiments and, in response to the helpful comments, we also made changes to the overall text and figures for clarification of novel insights and to address different specific issues raised by the reviewers.

As one change in the manuscript, we had a group discussion at the GRC proliferation conference this summer among different users of the cyclin E/A-CDK reporter and agreed upon a term to use in manuscripts. We now explain in the manuscript first the specificity of the reporter (it can collectively measure cyclin E/A-CDK2/1 activity) but then use the term CDK2 reporter in the text as it is typically the main measured activity particularly in G1 and S phase. We thought a similar convention is also useful for the CDK4/6 reporter in this manuscript which can also be partially regulated by CDK2 activity, particularly in S and G2 when CDK2 activity is much higher than in G1 phase.

We agree with the point made above that the manuscript confirms many known aspects of CDK4/6 and CDK2 activity regulation. However, there are also key findings we made about the kinetics of CDK4/6 and CDK2 activity changes that were surprising. We have now reorganized the manuscript to more clearly state some of the expectations and what we learned from the live cell analysis how cells can enter and exit the cell cycle. We also more clearly explain the unexpected increasing persistence in CDK4/6 activity when cells approach S-phase. To improve the overall clarity, we also reorganized the figure panels and, in response to the reviewers points, added the following new data and panels to the manuscript: Figures 3B, 3F and 4F and Figure 1---figure supplements 1A, 2C-E, 3B-C and 4C-D.

> Essential revisions:
>
> 1\) The development of a specific CDK4/6 sensor is of great importance, for this study as well as the field of cell cycle and cancer research. The specificity of the reporter should therefore be confirmed beyond any doubt. Currently the validation of the specificity relies entirely on the response to chemical CDK inhibitors. The high specificity of the CDK4/6 inhibitors and the time of addition (after kinase activation) puts some confidence in these experiments. However, the contribution of CDK2 in phosphorylating the CDK4/6 sensor remains a bit uncertain (see points below). Moreover, although a docking site for CDK4/6 has been added, it is unclear why this sensor would not be seen by CDK2-cyclin E/A kinases. Additional experiments are needed to validate and clarify the specificity. First and foremost, it is critical to compare and contrast the combined sensors in CDK4/6 double knockout cells. Further, the protein sequence of the reporter should be provided, and testing additional drugs, in particular against MAP kinases, mutating the Rb binding site, and performing in vitro kinase assays would help characterize and clarify the specificity of the reporter.

The reviewers raise a valid point about reporter specificity and we discussed how to best address this. A potential problem with using CDK4/6 knockout cells is that different groups have shown that cyclin Ds bind to CDK2 when CDK4/6 proteins are missing. In these cells, CDK2 now may potentially functioning similarly to CDK4/6 as a cyclin D regulated kinase. We nevertheless added a number of additional controls characterizing the specificity of the reporter:

--A main point that was also raised the GRC conference on proliferation where we presented this work is the possibility that cyclin E/A-CDK activity may also be needed to phosphorylate the CDK4/6 reporter -- in addition to CDK4/6 activity. Such a co-requirement of both kinases has been proposed by some groups for Rb phosphorylation. One way to address this point is to knockout all cyclin Es and As and to show that the reporter can still be regulated in a CDK4/6-dependent manner. Peter Sicinsky kindly provided us with Cre inducible knockout MEFs where we could delete all four cyclin Es and As. As we now show in Figure 1---figure supplement 3B-C, knockout of cyclin Es and As completely abolished the measured CDK2 reporter signal, as expected. However, these cells still have an increased CDK4/6 reporter signal that can be inhibited by CDK4/6 inhibitors, arguing that CDK4/6 activity is sufficient to generate a CDK4/6 reporter signal.

-- We now further clarified that the reporter can also be partially phosphorylated by CDK2. In added text and figure panels, we now more clarify show that CDK2 can regulate the reporter, particularly in S and G2 phase when the activity of CDK2 is much higher than in G1 phase. The contribution of CDK2 activity on the CDK4/6 reporter in G1 is a small fraction of the signal and stays below \~20% even towards the end of G1 but is about 35% towards the end of S/G2 (Figure 1E, Figure 1---figure supplement 2B-C). We now explain more clearly that one can almost completely correct for this contribution from CDK2 activity by subtracting a fraction of the CDK2 reporter signal from the CDK4/6 reporter signal. With this correction, inhibition of CDK4/6 at any point in the cell cycle abolishes the mitogen-triggered increase in the CDK4/6 reporter signal (Figure 1---figure supplement 4B-C).

-- We would further like to also highlight that we already used in our initial submission 3 structurally distinct CDK4/6 inhibitors that all nearly completely suppress the CDK4/6 reporter signal during G1. Also, both CDK2 selective inhibitors inhibit the CDK2 reporter but have only a small effect on the CDK4/6 reporter in G1. As an additional control, we have also added a panel with titrations of the effect of different types of other kinase inhibitors on the CDK4/6 reporter which supports the notion that the reporter is suitable to measure CDK4/6 activity (Figure 1---figure supplement 2C).

> 2\) The Materials and methods section is much too condensed and needs to be expanded by describing every experiment in detail. The specific parameters that are used in the image analyses and for the statistical analyses need to be stated. The exact nucleotide sequence of the CDK4/6 reporter needs to be described.

We have now expanded the Materials and methods section and added the amino acid sequence of the reporter construct (Figure 1---figure supplement 1A) as well as the requested statistical information.

> 3\) Although the exact timing of reporter activity is highly variable, results clearly show in every single cell that mitogen stimulation first induces CDK4/6 activity, followed on average 2 h later by Cyclin E-CDK activity and after another 3-4h loss of APC/C-CDH1 activity which demarcates S-phase entry. The specificity of the reporters was confirmed by using several CDK inhibitors. Figure 1F shows that CDK2 inhibitors did reduce the activity of the CDK4/6 reporter, but the authors consider this \"a negligible effect\". What is the explanation? Non-specificity of the CDK2 inhibitors, partial response of the CDK4/6 reporter to CDK2 activity, feedback of CDK2 activity on CDK4/6 activity?

As discussed in the points above and in point 4 below, we have now reorganized the text and added control experiments to better explain how CDK2 activity contributes to the measured reporter signal which is particularly necessary to correct the measured CDK4/6 activity in S and G2 phase.

> 4\) The next paragraph starts with: \"The result of adding CDK4/6 inhibitors was different in S-phase where we found an incomplete suppression of the putative CDK4/6 reporter signal.\" Please make clear which figures need to be compared to arrive at this conclusion (probably the first and third panel of row 2 in Figure 1---figure supplement 2).

We have now clarified in the text how CDK2 activity starts to more significantly contribute to the reporter signal in S and G2 as the activity of CDK2 is ramping up towards mitosis. Since the contribution of CDK2 activity in G1 is relatively small compared to the noise of the reporter measurements, one can in principle use the CDK4/6 reporter without corrections during G1 phase when a majority of users may use it. We now also more clearly explain how a correction using a subtraction of 35% of the CDK2 reporter signal can be used to derive a corrected CDK4/6 activity signal that can be almost completely inhibited by CDK4/6 inhibitor throughout G0/G1/S and G2.

> 5\) Related to this: is the conclusion that the CDK4/6 reporter partially responds to Cyclin E-CDK activity not also supported by the first panel of the second row of Figure 1---figure supplement 2? And if so, wouldn\'t this also be the case in G1 cells as shown in Figure 2F first panel, second row, requiring some correction in G1 cells as well?

We are now more clear that the correction from the CDK2 activity reporter is applied to the entire cell-cycle time course. We further clarified in the text that this correction is a small fraction of the maximal CDK4/6 reporter signal in G1 phase (\<20% is within the noise of the accuracy of measuring the reporter signal), suggesting that a correction can be used but is not absolutely needed in studies that focus on CDK4/6 activity in G0/G1 where CDK4/6 activity is likely functionally most relevant.

> 6\) The concept of \"bimodal distribution\" of CDK4/6 activity after mitotic exit is questionable. After all, 17% of the cells show a delayed increase in CDK4/6 activity which is not seen in the histograms of Figure 2A as this increase happens just between the chosen time points 2 and 9 h after mitotic exit.
>
> The interesting observation is that in the presence of mitogenic stimuli, 69% of cells maintain high CDK4/6 activity whereas cyclin E/A-CDK activity invariably declines after mitotic exit. But which mechanism governs the maintenance or degradation of CDK4/6 activity right after mitosis? Is this controlled by a similar stress response as reported later in the manuscript, and could the frequent exposure to UV light, or other culture conditions, trigger this stress response in part of the control population? It would be very helpful if the authors can clarify this issue.

The reviewers raise a good point and we now address the regulation of CDK4/6 activity after mitosis in different ways. In our working model, that is based in part on our previous study (Yang et al., 2017), it is the competition between cyclin Ds and p21/p27 type CDK inhibitors that decides at anaphase whether or not CDK4/6 activity stays active and Rb is hyperphosphorylated or not. Our previous study showed that, unlike cyclin E and A, cyclin D and p21 are not reset at anaphase, arguing that CDK4/6 activity can stay on at anaphase and help keep Rb stay hyperphosphorylated during and after mitosis. Our observation here that CDK4/6 activity is close to bimodal at mitotic exit (the first time we can reliably measure CDK4/6 activity in daughter cells is about 1-2 hours after anaphase) can explain the previously observed bimodality in Rb hyperphosphorylation and subsequent bifurcation in CDK2 activity at mitotic exit.

The point by the reviewer refers to a second important point about the fraction of cells that first turn CDK4/6 off and then later back on to re-enter the cell cycle. Our study provides new insights into this critical phenomenon that was previously observed by several groups for CDK2 activity (including us, Spencer et al., 2013). In this observation, many cells that exit mitosis first have CDK2 activity off for variable time periods before turning CDK2 activity back on (these cells were termed CDK2^delay^ cells). Our study now shows that there is a close correlation between cells having CDK4/6 on or off and cells either directly activating CDK2 and entering the next cell cycle or keeping CDK2 activity off and exiting to quiescence -- or later re-entering the cell cycle. Our study now provides mechanistic insights how this delay is generated. To make this point clearer, we now added a panel of individual activity time courses (Figure 3B) which shows that there is a clearly defined G1 extension after mitosis where CDK4/6 and CDK2 activity are both low for a variable time period. Markedly, this argues that the time cells spend between mitosis and S-phase is controlled by cells entering a transient G0 period of variable duration with low CDK4/6 and CDK2 activity. We previously showed, using only the CDK2 reporter, that the fraction of cells in this transient G0 period increases at lower mitogen stimuli. Our CDK4/6 reporter now adds to this the finding that CDK4/6 activity and CDK2 activity are both jointly low during the transient G0 period and then again sequentially turn on when cells re-enter G1 and the cell cycle by activating CDK2.

> 7\) Apparently, 14 % of cells exiting mitosis do not reactivate CDK4/6 (Figure 2A). What is the fate of these cells? It would be interesting to know whether these cells will die or remain quiescent.

This fraction that exits the cell cycle is the same we and others observed in different previous experiments. We now point this our more clearly in the text. In non-transformed cells, there is always a small fraction of cells in a population that exits to quiescence after mitosis. This fraction increases when mitogen stimuli are reduced and is marked by elevated p21 activity and/or lower cyclin D levels. In published work by us and others and in some unpublished work not related to this study, it has been shown that these cells that exit to quiescence can often re-enter after long delays. Furthermore, the fraction depends not only on the dose of mitogen, but also on the degree of different stresses and nutrient availability, as well as on the degree of contact inhibition. For example, at lower mitogen doses, a larger fraction will exit the cell cycle after mitosis as we described before comparing CDK2^inc^ versus CDK2^low^ cells (Yang et al., 2017). We now added text to make this point about fractional regulation of the cell population at the end of mitosis more clear.

> 8\) Interestingly, the response of cells to several stressors depended on the level of Cyclin E/A-CDK activity: if low, cells responded by lowering CDK4/6 activity and after an initial increase also Cyclin E/A-CDK activity. In part, these different responses appear to reside in different phases of kinase activation: CDK4/6 is at max levels at the time of stress induction, while CDK2-associated kinase activity is rapidly increasing. This should be discussed. Moreover, it is not so clear how in Figure 3A a distinction is made between high and low cyclin E/A-CDK activity. Was that based on the 20 h time point?

Yes, we now clarify this point about how we classify cells in the different panels.

> Similarly, for Figure 4---figure supplement 1: how are CDK4/6 high and low defined?

The classification is based on a threshold derived from the bimodal CDK4/6 activity histogram in Figure 3A. We now clarify this point by adding text and making the figure panel more clear.

> 9\) The definitions are important to know in order to appreciate Figure 4---figure supplement 1A and 2A showing that rather than the level of CDK4/6 activity the activity of cyclin E/A-CDK determines whether cells can arrest in response to stress. However, isn\'t this strange as Figure 1 shows that increasing cyclin E/A-CDK activity is preceded by increasing CDK4/6 activity? After all, the authors conclude that the probability of cells to inactivate CDK4/6 and Cyclin E/A-CDK becomes progressively smaller as the cells progress through G1 phase and approach the G1/S transition. This stage is characterized by high activity of both CDK4/6 and Cyclin E/A-CDK; so why no relation with CDK4/6 activity?

We have now improved these parts of the text and discussion. The main reason for a lack of a correlation in respect to CDK4/6 amplitude is mostly that CDK4/6 activity has typically largely plateaued out in mid to late G1 that, at least as we can measure with the corrected reporter signal. Nevertheless, since CDK4/6 inhibition in G1 is stopping or reversing the increase in CDK2 activity (Figure 1D), it is relevant that CDK4/6 is high in G1 and that stress can reverse the increase in CDK4/6 activity.

> 10\) The panel indication in Figure 1---figure supplement 2 should preferably be adapted to match the legend.

We apologize for the oversight. We have corrected the legend.

> 11\) The use of references is unnecessarily incomplete, some references listed lack important information.

We have now added additional relevant references.

> 12\) The Discussion should be expanded and include a description of how the current observations relate to previously published data.

We have now expanded the Discussion.

\[Editors\' note: further revisions were suggested prior to acceptance, as described below.\]

> The experimental part of the work and observations are considered worth publication in eLife. However, the results should be interpreted with more caution, and clearly take into account that the cell line used lacks an important CDK4/6 inhibitor. Moreover, the writing should be broadened, some terminology used more carefully, and the Discussion should critically discuss what can be concluded and what cannot be learned from the current study. Further, more extensive and proper citations of others will be essential. Please see the review below for additional details.

In response to these different points, we have revised the Introduction and Discussion and added in the revised manuscript the requested broader review of the literature on previous work studying the regulation of CDK4/6 and CDK2 activation and Rb phosphorylation and also in more detail the previous characterization of the CDK2 reporter. We also changed comments in the Results and Discussion section to interpret the data with more caution and discuss that the immortalized breast epithelial MCDF10A cell line that we use is lacking the two CDK4/6 inhibitory proteins p16 and p15. To address this point experimentally, we performed experiments where we induced exogenous p16 and showed that this caused a fraction of cells to stay in quiescence but without having an effect on the kinetics of CDK4/6 activation or the time between CDK4/6 and CDK2 activation. We also added data showing similar kinetic changes of CDK4/6 and CDK2 activation after mitosis as in MCF10A cells when we used another commonly used immortalized retinal pigment epithelial model, RPE1 cells. We also added more details on the specificity of small molecule CDK inhibitors used, adjusted the terminology, and added at different places comments that CDK4/6 and CDK2 regulatory mechanisms may differ for different cell types and conditions. The added experiments were performed by two students and a postdoc who are now added as co-authors (with permission from all the authors).

> Reviewer \#1:
>
> \[...\]
>
> Technically, this is a strong study with several important novel findings and observations. Its weakness is a general oversimplification and lack of critical evaluation throughout the text.
>
> The explicit request from the reviewers to expand the Discussion and improve the citation of other work has mostly been met with increased self-citations. The manuscript, discussion, and model (Figure 4E) give the impression that the measured activity profiles provide an all-encompassing explanation for how cell cycle entry is regulated. However, as indicated in the previous review, all experiments are performed in MCF-10A cells that lack p16, the most important CDK4/6 antagonist. In fact, MCF-10A cells contain a deletion of the CDKN2A/2B locus (p16, ARF, p15), as well as a MYC amplification (Cowal et al., 2005; Worsham et al., 2006; Kadota et al., 2010). This does not necessarily disqualify the current study -- the novel reporter and stress response remain important. However, when considering the CDK4/6 activation profiles and ultrasensitivity of the response, p16 and its absence in the cells studied should be a major factor to consider.

The reviewer makes a good point and we now added data where we compared how CDK4/6 activity changes also in a second commonly used retinal pigment epithelial model, immortalized RPE1 cells. As shown in the added Figure 3---figure supplement 1, the bimodal kinetics of CDK4/6 activation is similar to MCF10A cells and the bimodal increase in CDK4/6 activity can also be inhibited by palbociclib.

We now also clarify in the text that the immortalized MCF10A cells lack p16 and p15. To compare how the kinetics of CDK4/6 activation may change at elevated levels of p16, we now used a DHFR p16 induction system in MCF10A cells. At levels of induction where we see a fraction of cells to be inhibited to enter the cell cycle by p16, we found the those cells that still enter the cell cycle do so with a similar kinetics of the CDK4/6 activity increase and there was a similar delay from the activation of CDK4/6 to the activation of CDK2. This data is now added as Figure 2---figure supplement 1.

> In general, critical evaluations and limitations of the experiments should be presented in a transparent way. Contradictions to the previous work, such as the study form Schwartz (Skotheim group), should be fairly cited and not just to draw a parallel with the current work.

i\) We understand the reviewer refers to an added characterization by the Skotheim lab of the CDK2 reporter that our group developed. To address this point, we now expanded the section describing the CDK2 reporter in the Introduction:

"We previously introduced a nuclear translocation-based reporter that can monitor the activation of cyclin E-CDK2 in G1 phase (Hahn et al., 2009; Spencer et al., 2013) and different properties of the reporter were characterized in subsequent studies. The reporter can be phosphorylated in vitro by cyclin E-CDK2 or cyclin A-CDK2 activity (Spencer et al., 2013), as well as by cyclin E/A-CDK1 activity (Schwarz et al., 2018), but not by cyclin D-CDK4/6 activity (Spencer et al., 2013). Given that cyclin E prefers CDK2 over CDK1 (Koff et al., 1992), and that cyclin A typically starts to increase at the G1/S transition, this cyclin E/A-CDK2/1 reporter is expected to primarily measure the activity of cyclin ECDK2 during G1 phase. We therefore refer to the reporter here as a "CDK2 reporter"."

We would like to note that we have also confirmed as part of our *eLife* study here that MEFs lacking cyclin E and A show no CDK2 reporter signal.

ii\) The study the reviewer refers to by our Stanford colleagues also reported that primary isolated cells activate CDK2 only after a long delay after mitosis. However, this interpretation may depend on their culture conditions since another study (Moser et al., 2018) showed that apparently identical primary cells as those used by the Skotheim group have the same fast CDK2 increases after mitosis in the hands of this other group. The current view in the field is that different mitogen, contact inhibition and stress signals regulate the fraction of cells that have a fast or a delayed increase in CDK2 activity after mitosis before they enter the next cell cycle. Studies by several groups characterizing how CDK2 activity is regulated after mitosis address this question in more detail and are currently under review. We now comment on the published work on CDK2 activity regulation after mitosis in more detail and added additional citations of relevant work by the Bakal, Skotheim, Spencer and our group how CDK2 activity is regulated after mitosis in the Results and Discussion sections.

> Less dramatic, but still absolutely requiring adjustments: the Introduction still contains a fair number of questionable citations (e.g. \"Yang et al., 2017\" for a general and long established cell cycle regulation mechanism), while other citations are missing (e.g. \"the dynamics of CDK4/6......E-CDK2 activation has not been explored\"; in fact, the two kinase activities were compared as early as 1994; Meyerson et al. MCB).

Thank you for pointing this out. It was our intention to say that the kinetics between CDK4/6 and CDK2 activation has not been investigated in single cells. Our main point is that there is great heterogeneity when single cells activate CDK2 activity coming out of quiescence which makes it difficult to make a conclusion about the relative kinetics of CDK4/6 and CDK2 activation in single cells from bulk cell data. We now make this clarification in the Introduction and added references for the early studies that used bulk-cell analysis to characterize the time course of cyclin D, E and A expression and cyclin-CDK complex formation.

> The inhibitors used should be considered more critically: RO-3306 is called a CDK1 inhibitor and Roscovitin a CDK2 inhibitor, but the differences in affinity are modest and at the concentrations used (60 microM) several other CDKs (including CDK2/A for RO-3306 and CDK1/A,B for Roscovitin) would be expected to be blocked.

This is a good point and we added a more detailed description about their relative specificity and we are now also more precise how we refer to these inhibitors in text and figures.

> Also, the inhibitor data in Figure 1---figure supplement 2C would be worth discussing in more detail. Is sequential cyclin E-CDK2, cyclin A-CDK2, cyclin A-CDK1 kinase activity likely responsible for the prolonged increase in CDK2 reporter activation? How does the new insights fit with the recent data that challenge the traditional model for CDK4/6 function (Dyson lab 2019; Dowdi lab 2014).

We now cite the work on the monophosphorylation of Rb by the Dowdy laboratory but we don't have a good explanation of how their results fits with the observed rapid activation of CDK4/6 after a delay and some of our more recent data. We would like to point the reviewer to a recent paper by our group (Chung et al., 2019) that we now also cite where we show more precisely that MCF10A cells transition from CDK4/6 dependence to independence only at the onset of S-phase when the CDK2 reporter signal has an approximate value of 0.9 (by that time CDK4/6 has been active for about 3 hours and CDK2 activity is sufficiently high to hyperphosphorylate Rb on its own). Upon addition of palbociclib during this time window before CDK2 activity reaches a level of 0.9, Rb becomes still dephosphorylated in less than 15 minutes and CDK2 activity first plateaus out and/or decreases with cells that then go on to enter a quiescent state. At higher levels of CDK2 activity, palbociclib has no more effect and cells keep increasing CDk2 activity and enter S phase. As a speculation that we did not include in the manuscript, one possible interpretation of the Dowdy result is that there is residual CDK4/6 activity in early G1 and cells have Rb monophosphorylated until about 3 hours before S phase when CDK4/6 activation triggers Rb hyperphosphorylation. CDK4/6 activity then remains required for less than 3 hours to keep Rb hyperphosphorylated. Given that this 3 hour window starts about 5-13 hours after mitogen stimulation, and the great variability when cells first activate CDK4/6, it is conceivable that this short window where palboclib has an effect on Rb hyperphosphorylation was missed in the bulk-cell analysis in the Dowdy studies.

> There is a discrepancy in the correction factor for the CDK4/6 reporter! The text and cover letter mentions subtracting 35%, while the legend of Figure 1---figure supplement 4 states 25%, and the Materials and methods uses a factor 0.25x.

We thank the reviewer for pointing out this error that we now corrected, the factor used is .35.

> Together, the current description of the work is too one-sided, and the interpretation of the results is certainly incomplete and possibly incorrect without considering the absence of p16.

We appreciate the helpful comments by the reviewer. We have now addressed the main concerns by the reviewer by broadening the Introduction and Discussion, by clarifying what specifically can be concluded, and by more clearly stating that CDK4/6 and CDK2 signaling may differ in different cells and for different experimental conditions. We believe that the manuscript has been significantly improved by these recommended changes.

[^1]: These authors contributed equally to this work.
